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Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels are expressed in the brain and heart and are essential
for physiological functions in cardiac and nervous systems. We
identified two Hcn4 mRNA variants with different transcription
start sites and differential expression patterns in mouse brain
and heart. Only one mRNA variant was detected in the brain,
whereas both variants were found in the heart. Patch clamp
recordings of these two variants in HEK293H cells revealed dif-
ferent electrophysiological properties in channel activation.
Mutagenesis studies showed that three positively charged
amino acids (Arg-9, Lys-10, and Lys-22) contribute to the func-
tional difference. Our results demonstrate that HCN4 channels
are expressed in different patterns in mouse brain and heart and
that the N terminus is important for HCN4 channel activation.

Hyperpolarization-activated cyclic nucleotide-gated (HCN)>
channels play essential roles in the pacemaking activities in car-
diac and nervous systems (1—4). Four subtypes of HCN chan-
nels, named HCN1-HCN4, form either homomeric or hetero-
meric tetramers. Each HCN channel subunit is composed of
three major regions: a transmembrane domain and cytoplasmic
N and C termini. The transmembrane domain exhibits several
structural characteristics conserved in other voltage-gated ion
channels, including a six-transmembrane segment structure,
an S5-S6 pore formation, and an S4 voltage sensor. The C ter-
minus contains a six-helix linker motif and a cyclic nucleotide-
binding domain (5). A region at the end of the N-terminal
domain is conserved among HCN channel subtypes and has
been found to be important for channel trafficking (6).

Two major functional characteristics of HCN channels are
activation by membrane hyperpolarization and modulation by
cAMP to positively shift the voltage dependence of activation
(7). Among the four HCN channels, the HCN4 channel is
unique in several aspects. Structurally, it has the longest N-ter-
minal sequence (262 amino acids). Functionally, it has the slow-
est activation and deactivation kinetics and is most sensitive to
cAMP among the four HCN channel subtypes (8). HCN4 is the
predominant HCN channel expressed in the sinoatrial node to
set the heart rhythm (9, 10). In the brain, it is expressed pre-
dominantly in the thalamus and olfactory bulb (10, 11).
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We have studied the expression of HCN4 channels in mouse
brain and heart. We identified two Hcn4 mRNA variants with
different transcription start sites that can result in different
translation start sites in the proteins. Only one mRNA variant
was detected in the brain, whereas both variants were found in
the heart. Patch clamp recordings of the two HCN4 variants in
HEK293H cells showed they have distinct properties in voltage
dependence and kinetics of channel activation. Furthermore,
using mutagenesis, we examined the amino acids in the begin-
ning of the N terminus where the two HCN4 variants differ and
found that three positively charged residues (Arg-9, Lys-10, and
Lys-22) contribute to the functional difference between these
two channels. Our data demonstrate HCN4 channel mRNA
variants with distinct transcription start sites in mouse brain
and heart and that the N terminus of the protein is important
for HCN4 channel activation.

EXPERIMENTAL PROCEDURES

Molecular Biology—Three-week-old C57 mice were
obtained from Charles River, and their brains and hearts were
taken and pooled for RNA isolation. Three mice were used for
total RNA isolation for rapid amplification of cDNA ends (5'-
RACE), and another two were used for RT-PCR. All procedures
were approved by the University of Texas Animal Use
Committee.

Total RNA from mouse tissue was isolated with RNA
STAT-60 reagent (Tel-Test) and used in 5-RACE and
RT-PCR. 5'-RACE was performed as described previously (12,
13). The two gene-specific primers used in 5'-RACE were
mHCN4+550R and mHCN4+377R. The products were gel-
extracted and cloned into a pCR2.1 vector (Invitrogen). RT-
PCRs were performed with total RNA isolated from regions
dissected from hearts and brains. Reverse transcription was
carried out with RT-PCR primer mHCN4+992R and reverse
transcriptase (Invitrogen). PCRs were then performed with
mHCN4-33F/mHCN4+815R targeted for mHCN4L only
or mHCN4+325F/mHCN4+815R for both mHcn4l and
mHcn4S. The sequences of the primers used for 5'RACE are
as follows: mHCN4+550R, CCGAGGGCTGCTCGCAGG-
AGGCAGA; and mHCN4+377R, GCGGAGTCATGCAG-
GTGCCCGAGAC. Those used for RT-PCR are as follows:
mHCN4+992R, TGCGGGTCAAGGATGATTTCTG-
TGT; mHCN4-33F, CCGCACCGCTGCCCCCGGCCCAATC;
mHCN4+325F, GGCAGTGGTGGAGCAGGGGGCG-
GCA; and mHCN4+815R, AGCAACAGCATCGTCA-
GGTCCCAGT.

Electrophysiology—The full-length mouse Hcn4d (mHcn4)
clone was obtained from Open Biosystems (catalog no.
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9088182) and subcloned into pcDNAG6 (Invitrogen) for expres-
sion in HEK293H cells. The mHcn4S plasmid was constructed
by deletion of the first 74 nucleotides of mHcn4L sequence.
Either one of the two mHcn4 expression plasmids was cotrans-
fected with a GFP expression plasmid into HEK293H cells with
Lipofectamine 2000 reagent (Invitrogen) and incubated at
37 °C with 5% CO,, for 24 h before recording. The HCN4 chan-
nels were recorded with a patch clamp in the inside-out
configuration.

Currents conducted by HCN4 channels were elicited by 2.5-s
voltage steps from —6 to —190 mV in 10-mV increments at
22 °C. A 10-s interval at 0 mV between steps was used for com-
plete channel deactivation. Currents were recorded with an
Axopatch 200A amplifier with a 1-kHz filter. The pipette solu-
tion contained 107 mm KCl, 5 mm NaCl, 1 mm MgCl,, and 10
mm HEPES (pH 7.3 with KOH). The internal solution was
either the same as the pipette solution or with 100 um cAMP
(Sigma) added. Recorded current traces were zero-subtracted
and leak-subtracted, and the steady-state currents (average of
the last 250 us of the activation current) were used to calculate
the conductance, assuming a liner single-channel current-volt-
age relationship and a reversal potential of 0 mV. Conductance
was normalized to the maximal value recorded, plotted against
voltage, and then fitted with a Boltzmann equation to obtain
V1,2 Activation time constants were obtained by monoexpo-
nential fits of current traces. Deactivation kinetics were mea-
sured and compared by fitting a single exponential equation to
the tail currents at different voltages (—90 to —30 mV in 10-mV
increments) following the activation of HCN current at —160
mV for 3 s. A two-tailed ¢ test was used for statistical
comparisons.

RESULTS

5'-RACE Reveals Two mRNA Variants of Hcnd with Different
Transcription Start Sites—Using 5'-RACE, we identified two
mRNA variants of Hcn4 in mouse heart that can code for two
mHCN4 channels with different lengths of the N-terminal
domain (Fig. 1A). One mRNA variant starts from —182 bp of
the mHcn4 cDNA sequence in the GenBank™ Data Bank
(accession number NM_001081192), and its protein product is
named mHCN4L. The other skips the first start codon of
mHcn4lL and starts from +35 bp of the GenBank™ mHcn4
sequence, therefore most likely coding for a shorter protein
product, named mHCN4S. Interestingly, only one mRNA var-
iant (Hcn4S) was identified in the brain, whereas both mHcn4L
and mHcn4S were found in the heart (Fig. 14). We then per-
formed RT-PCR to confirm the differential expression pattern
in the brain and heart. A pair of primers aimed at only mHcn4L
(—33to +815bp) but not mHcn4S generated RT-PCR products
in both atria and ventricles from the heart, but not in the brain
(Fig. 1B). However, another primer pair aimed at a common
sequence in mHcn4l and mHcn4S (+325 to +815 bp of
mHcn4L) generated RT-PCR products in all the samples. In
both reactions, the primers were designed in two exons to avoid
false-positive products from DNA contamination.

Compared with the mHCN4S protein, mHCN4L has an
extended 25-amino acid segment in the N terminus. Protein
sequence analyses suggested that this segment is hydrophilic;
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thus, it is likely located inside the cell. We aligned the mHCN4L
protein sequence with two predicted HCN4 channel sequences
derived from the zebrafish genome (GenBank™™ accession
numbers XP_686078 and XP_684730) and two predicted
HCN4 channel sequences from the pufferfish genome
(GenBank™ accession numbers 47216170 and 47220545).
Three conserved regions (Fig. 1C) were seen in the N termini.
The longest stretch of conserved sequence, located at the end of
the N terminus and immediately preceding the transmembrane
domain, has been found to be important for channel trafficking
(6). Another long stretch is at the beginning of the N terminus
where mHCN4L and mHCN4S differ. The sequence similarity
between mouse HCN4 and evolutionarily distant fish homologs
suggests that this extended N-terminal segment is under posi-
tive selection during evolution and may therefore be important
for the channel function.

Two HCN4 Channels Differ in Activation Voltage Depend-
ence and Activation Kinetics—To examine whether the
extended N-terminal segment causes any functional difference,
we expressed the cDNA constructs corresponding to these two
mRNA variants in HEK293H cells and recorded their currents
with an inside-out patch clamp. We compared the voltage
dependence of channel activation and the kinetics of activation
and deactivation of the two variants with or without saturating
cAMP (100 uMm) in the intracellular solution (Fig. 2 and Table 1).
Without cAMP, the two mHCN4 variants behaved similarly in
activation voltage dependence, but mHCNA4L activated slightly
faster than mHCN4S (7= —180 mV, p < 0.05). However, when
cAMP was present, nHCN4L activated at voltages significantly
less negative than mHCN4S (p < 0.001) (Fig. 2C) and ~3-fold
faster (—160 and —180mV, p < 0.001) (Figs. 2, Band D, and 3I).
In terms of cAMP modulation, mHCNA4S channel activation
was only slightly modulated by 100 um cAMP in the voltage
dependence (p < 0.05) (Fig. 2C) and in kinetics (—180 mV, p <
0.05) (Figs. 2D and 3I). On the other hand, mHCNA4L was greatly
modulated by saturating cAMP. The V/ ,, of activation was right-
shifted by 21 mV (p < 0.001) (Fig. 2C), which covers almost half
of the range of channel activation. It also greatly sped the rate of
activation (—180 mV, p < 0.001) (Figs. 2D and 3I). Regardless of
the presence of cAMP, the two HCN4 variants did not differ in
deactivation kinetics (Fig. 2, B and E).

Positive Charges in the Extended N Terminus Contribute to
the Functional Difference—Because the only difference
between two mHCN4 variants is the 25-amino acid segment,
the structural basis of the functional difference must be located
within these residues. We performed a series of mutagenesis
studies and compared the activation properties of the mutants
with those of the wild-type channels in the presence of cAMP.
First, we made two mutants with shortened N-terminal seg-
ments. Deletion of the first seven residues moved the activation
of mHCN4L half-way toward mHCN4S (p < 0.05 compared
with mHCN4L) (Fig. 3A), whereas deletion of the first 12 resi-
dues (with the addition of an extra methionine encoded by the
start codon) almost fully abolished the effect of the extended N
terminus (p < 0.001 compared with mHCN4L) (Fig. 3B), sug-
gesting that some key residues are located among the residues
8—12. Interestingly, three out of these four amino acids (Arg-9,
Lys-10, and Arg-11) are positively charged. The predicted fish
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L+S

mHCN4-S 7 M|D[E|E[E D G E|E[E A GGR
mHCN4-L 7{MDKL[PPISMRKRLYSLPAQ|QIV G|A[K A[W|[I M|D|E|E|E D G E|EJE GA GGR
drHCN4-XP_686078 7/IMDRLHSSMRKRLYSLPO |H|[I G|Q|K A|s|I M|GID|A|[ED S D K|[- - - - - -
drHCN4-XP_684730 7IMHIRVHS SMRKRLYSLP[HQIF GIH|K[G A[M[T R|D|G|E D S D K| - = = = om
tnHCN4-47216170 7IMDRLHSSMRKRLYSLPRQ|H|I G|H|K A|S|I M|S|E|[G|E D[A]D K| - = oo e
tnHCN4-47220545 7IMERL[QIS SMRKRLYSLEPRQIN|ILGIP|KP|VIAVID|E|GID[H[G D K] - - - = e
mHCN4-S S A ESRG|IAAL T[E S E G|P G R S[A|G
mHCN4-L S A ESRGAAL T|E S E G|P G R S[A|G
drHCN4-XP_686078 15 - EKSGESA MIE T|- -[D|! G R[P V
drHCN4-XP_684730 S S E|A[K S(G|D|- - - A|E T|- -|D|V G R(P F
tnHCN4-47216170 S C ET K S|G|E|S[ETIJM[E T|- -(D|I G R|P M
tnHCN4-47220545 S Cc EERES D I - - - - L - - IDJR D V[P V

L]
mHCN4-S 19/RGGGS|GGAGGGSSLGHL|HDSAEERRLIA ER GEDNVARSHP) EDRTPPGLATEPERPAT734
mHCN4-L 706 |IR|IG GGS[GGAGGGS S SLGHLIHID|SIAEERRL I|A EGDASP EID|R|T PP GL ATI|EPER|P|IAT[A] 759
drHCN4-XP_686078 9ikmE@H O - - - - - - - - - - - - SID([VIAEERRL I|T DGEVTP|- SIEJE|S PP GAAG|IGGATE|PIGAQ 728
drHCN4-XP 684730 95 [R H AJA P D - - - - - - - - - - - AID|L|{A E[QJRR L I|- - -]6GDA S P|- EID[D|G P[S E Q|P G|P G E S|P|- - - 730
tnHCN4-47216170 700 |[R H V[H D - e e e - - - -SNSIAEERRL I|T EGDVTP-SEESP’GAIGDGPPEQG739
tnHCN4-47220545 s IEEmsr G - - - - - - - - - - - - smrlAE[Q QIR L I|P AADV GV|[- SGSFE - - -[6/lP AAQQRA 129
mHCN4-S 7135 A[Q P|A A[S]|P P P Q[Q]P P[Q|P A S[A]S C[EQ AIKVEGGAAAS|DQILPEAEVRLGQ 188
mHCN4-L 760 A|Q P|A A|S|P P P Q[Q[P P[Q|P A S|A|S C[E Q Al KVEGGAAA|SIDQ I LPEAJEVRLGAQ 213
drHCN4-XP_686078 729 S |GG G EEAA S S[QIH Q G| I[P D Q FIKLEG-»--IEQILPDDE-RYQ 174
drHCN4-XP_684730 737 - |G A|K R - - - DGAQQA|P|S E[EQ ERVISKSISEENG] - - - - (MNPRONINISSPRDEDEE - ([REMEBYEO! 172
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mHCN4-L 214 |M RQFGAMLQPGVNKFSLRMEFG EREOERVESAGEWD 0HPYSMDHIER
drHCN4-xP 686078 775 M H R Q F GAML QP GVNKFSLRMEFG ENREEROQONENREVEKESHARGEERWS I INHEPRYESEDIE SR
drHCN4-XP 684730 773 |[M H R Q F GAML QP GV NKFSLRMEFG ENHNERORERREVEKESTANGHERW IR INHEPRYESEDEENR]
tnHCN4-47216170 186 MHRQF GAMLQPGVNKFSLRMEFG ERE’Q‘ERVKSAGFWIIHPYSDFR
tnHCN4-47220545 165MHRQFGAMLQPGVNKFSLRMLG Bl ENNE R S AGEWT 0P YSDIER

FIGURE 1. Identification of two Hcn4 mRNA variants in mouse brain and heart. A, 5'-RACE revealed differential expression of the Hcn4 channel in the brain
(B) and heart (H). Only mHcn4S was detected in the brain, but both variants were found in the heart. Arrows point to the PCR products of the two variants, 380
and 550 bp, respectively, as indicated by the DNA ladder (L). B, RT-PCR confirmed the differential expression pattern of the two Hcn4 isoforms with primers
targeted to a common area in the two variants (upper panel) or to the specific 5'-end of mHcn4L (lower panel). mHcn4L was detected in both the atria (A) and
ventricles (V), but not in the cortex (C) or non-cortex (NC) regions in the brain. C, sequence alignment of mHCN4S and mHCNA4L with four predicted fish HCN4
channels shows that the beginning of the N terminus is conserved across species, suggesting its importance to channel functions. The N-terminal sequences
before the transmembrane domain are aligned. Three long stretches of conserved regions are marked above the sequence.

HCN4 channels also show identical amino acids (Fig. 1C).
These findings led us to focus on the effect of the positively
charged residues in the sequence. First, mutation of all three of
these positively charged residues (Arg-9, Lys-10, and Arg-11) to
alanines together shifted the voltage dependence toward
mHCN4S (p < 0.01 compared with mHCN4L) (Fig. 3C). Muta-
tions of each single residue suggest that Arg-9 and Lys-10 both
contribute to the effect (p < 0.001 and 0.05 compared with
mHCN4L) (Fig. 3, D and E) but that Arg-11 does not (Fig. 3F). In
addition, we also examined the properties of two other posi-
tively charged residues in this region (Lys-3 and Lys-22). The
K3A mutation did not shift the voltage dependence of activa-
tion (Fig. 3G). However, K22A shifted the voltage depend-
ence of activation (p < 0.05 compared with mHCN4L) (Fig.
3H), suggesting that this residue is also necessary for the
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functional difference. We also compared the activation
kinetics of the mutants with those of the wild-type channels;
the results are consistent with the comparison of steady-
state activation (Fig. 31).

DISCUSSION

HCN4 channels are expressed in the brain and play impor-
tant roles in synaptic transmission and dendritic integration
(4). HCN4 is the predominant channel responsible for /;in nor-
mal human heart and setting cardiac rhythm (4). Its nRNA and
protein levels are up-regulated in failing hearts (14). Therefore,
it is important to identify its molecular expression profiles and
regulation mechanisms in the brain and heart. We identified
two Hcn4 mRNA variants that can be translated into proteins
with different lengths in N termini. The two mHcn4 variants
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FIGURE 2. Comparison of activation and inactivation properties of the two mHCN4 variants. A, representative activation currents of mHCNA4L (left panel)
and mHCNA4S (right panel) elicited by 2.5-s voltage steps from —60 to —190 mV in 10-mV increments. Both recordings shown were performed with 100 um
cAMP inthe intracellular solution. B, representative normalized mHCNA4L (black) and mHCN4S (red) currents activated at —160 mV and then deactivated at +30
mV with cAMP present showing the difference in the speed of activation, but not in deactivation. The differences between time constants of the representative
traces and the group averages are <1%. C, conductance-voltage relationships of the mHCN4 channels with or without 100 um cAMP. D, activation time
constants of the two mHCN4 channels with or without cAMP. E, deactivation time constants of the two mHCN4 channels with or without cAMP.

TABLE 1
Properties of mMHCN4 channels and mutants

All recordings were performed with 100 um cAMP in the intracellular solution,
except as indicated in the first two rows. Statistical values from ¢ tests for the
mutants were obtained by comparison with mHCNA4L (see Footnotes b—d).

Tactivation

n“ Vi at —180 mV at —50 mV (n)
mHCN4L (no cAMP) 5 —144.02+ 123 033 +0.02 035 * 0.03 (4)
mHCN4S (no cAMP) 4 —147.59 =126 048 = 0.05 0.26 * 0.04 (5)
mHCN4L 6 —12317*0.78 0.15*0.02 0.35=*0.07 (4)
mHCN4S 6 —14097*198 035*0.01 030 =*0.07(3)
Del7 7 —129.88 * 225" 0.26 = 0.02
Del12 6 —141.64 *277° 049 *0.16"
RKR to AAA 5  —133.77 +2.84% 033+ 0.03°
K3A 4 —12056*3.85 0.15* 0.02
R9A 5 —137.82+1.93° 054+ 0.12¢
K10A 6 —13243*335" 0.39=*0.11
RI1A 6 —11933+311 021 *0.01°
K22A 5  —131.59 +3.69” 0.27 +0.04”

“ These numbers are for activation recordings; the numbers for deactivation (7)
are listed in parentheses after the 7 value.

bp < 0.05.

¢p < 0.001.

“4p <0.01.

show differential expression profiles in the brain and heart.
When the two channels were expressed in HEK293H cells,
patch clamp recordings showed their distinct channel activa-
tion properties in voltage dependence and kinetics. Further-
more, using mutagenesis, we found that three positively
charged residues (Arg-9, Lys-10, and Lys-22) contribute to the
functional difference between these two channels.

Both mHcn4L and mHcn4S are expressed in heart, but
mHcn4S is the only form found in the brain. The two mRNA
variants differ at the 5'-end and are thus most likely the results
of differential transcription start sites, which are driven by dif-
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ferential tissue-specific transcription regulation mechanisms
involving distinct sets of transcription factors. In an early
report, an Hcn4 channel homologous to mHcn4S was cloned
from rabbit but was regarded as a partial transcript (15). Based
on our findings, it was likely a cloning product from the rabbit
Hcn4S homolog. Different start sites of mRNA were also seen
when we compared the sequences of Hcn4 screened from
human cDNA libraries (GenBank™ accession numbers
AJ132429 and AJ238850) and a recently published 5'-RACE
product with human heart RNA (GenBank™ accession num-
ber DQ854815) (16). These results suggest that differential
transcription regulations of the Hcn4 gene may be conserved in
mammals. Our preliminary results from functional promoter
analysis show that the upstream region contains both promot-
ers and repressor elements, behaving in tissue-specific ways in
cardiac and neuron representative cell lines. Further experi-
ments are needed to identify the tissue-specific transcription
mechanisms.

The properties of mHCN4L we recorded from HEK293H
cells are consistent with previous reports (8, 17). However,
mHCN4S showed distinctively different properties, indicating
that the N terminus of the HCN4 channel affects channel acti-
vation. Previously, replacement of both the N and C termini of
mHCN4 with the termini of mHCN2 shifted the activation and
deactivation kinetics recorded with an inside-out patch clamp
on Xenopus oocytes, suggesting that the intracellular domains
contribute to the channel functions (17). Deletion of the first
214 amino acid residues and the last 422 amino acid residues of
rabbit HCN4 shifted the voltage dependence of activation by
—10mV and significantly slowed the kinetics of activation (18),
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FIGURE 3. Positively charged residues affect HCN4 channel activation. The functional difference between mHCN4L and mHCN4S was partially changed by
deletion of the first seven amino acids (A) but fully abolished by deletion of the first 12 amino acids (B). Mutation of three charged residues (Arg-9, Lys-10, and
Arg-11) to alanines also strongly shifted the activation voltage dependence (C). Single mutations (D-H) show that Arg-9, Lys-10, and Lys-22 contribute to the
difference, whereas Arg-11 and Lys-3 do not. The activation time constants at — 180 mV of the mutants show similar effects (/). ¥, p < 0.05; **, p < 0.01; ***, p <
0.001 (p values in t tests compared with mHCN4L + cAMP).

but not of deactivation (19), in whole-cell recordings of COS-7
cells. This is consistent with our findings. However, the chimera
replacement of the mHCN4 N terminus with the mHCN1 N
terminus showed no functional change in whole-cell recordings
(20). One explanation is that functional motifs in the mHCN4 N
terminus can be replaced by their counterparts in mHCNI.
Analysis of alanine mutants showed that three positively
charged residues contribute to the functional difference. These
three charged residues, along with other residues in the middle
part of the extended N-terminal segment, are identical to
the two predicted HCN4 channel sequences in zebrafish and
the two predicted HCN4 channel sequences in pufferfish. The
high level of sequence similarity suggests positive selection and
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therefore the importance of these residues for proper channel
function. During evolution, a genome duplication event in
teleost fish caused two genes corresponding to every gene in
mammals (21, 22). Two predicted Hcn4 genes are found in the
genomes of zebrafish and pufferfish, respectively. Whether or
not during evolution these two genes diverged in function and
expression pattern, like what was seen in Na™ channels (13, 23),
remains an interesting question.

The intracellular domains are important in the modulation
of many ion channels. Some are through electrostatic interac-
tion (24-26), and some are through cysteine disulfide bonds
(27) especially in the cyclic nucleotide-gated ion channels,
closely related to HCN channels (28, 29). In mHCN4, the first
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25-amino acid segment does not contain cysteine, and three of
five positively charged residues affect channel function; thus,
the N terminus probably modulates the channel function
through electrostatic interactions. The interaction partner may
locate within the C terminus, as seen in Kv2.1 channel (30).
Alternatively, the partner may be one of the transmembrane
domains. The C-linker region of HCN channels interacts with
the core transmembrane domain (31, 32). The N terminus may
be involved in this interaction or may interact with other parts
of the transmembrane domain. Stretches of charged residues
are involved in recruiting associate proteins, such as the five
positively charged residues in the SK2 channel (33). The 25-
amino acid segment in mHCN4 channels may affect the chan-
nel function in a similar manner.
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